Aim: Aberrant c-Met activation plays a critical role in cancer formation, progression and dissemination, as well as in development of resistance to anticancer drugs. Therefore, c-Met has emerged as an attractive target for cancer therapy. The aim of this study was to develop new c-Met inhibitors and elaborate the structure-activity relationships of identified inhibitors. 
Introduction c-Met, also known as hepatocyte growth factor receptor (HGFR), was discovered in 1984 as an oncogenic fusion protein [1] . Since then, extensive investigations on the structure and functions of c-Met have shown that it belongs to a unique subfamily of receptor tyrosine kinases (RTKs) [2] and forms a heterodimer by connecting a short extracellular α chain and a membrane spanning β chain through a disulfide bond. After binding to its natural ligand, hepatocyte growth factor (HGF), c-Met initiates its kinase phosphorylation activity and triggers a series of downstream signaling pathways, including PI3K-AKT-mTOR and Ras-MEK-ERK [3] [4] [5] [6] [7] . Abnormal activation of c-Met has been linked to many types of cancers that occur as a consequence of gene amplification or rearrangement, transcriptional regulation, as well as autocrine or paracrine ligand stimulation [8] . Importantly, both c-Met and HGF elevation have been associated with poor clinical outcomes [9] . Moreover, aberrant c-Met activation plays a critical role in cancer formation, progression, and dissemination and in the development of resistance against approved therapies. Therefore, c-Met has emerged as an attractive target for cancer therapy [10] [11] [12] [13] [14] [15] [16] . Currently, the most promising approach for disrupting c-Met signaling is to use small molecular inhibitors to target the intracellular kinase domain. Through the analysis of binding modes, small molecule inhibitors of c-Met can be roughly classified into three types. Type I c-Met inhibitors bind to ATP binding pockets in a "U" shape, which usually interacts with residue Met1211 at the hinge part to anchor the inhibitor and forms a typical π-π stacking interaction with residue www.chinaphar.com Liu TC et al Acta Pharmacologica Sinica npg Tyr1230 [17] . As implied by the unique U-shaped binding mode, type I inhibitors (such as crizotinib 1) all show good selectivity for c-Met and are expected to cause fewer side effects in cancer treatment [18] . Type II c-Met inhibitors (such as cabozantinib 2) are usually multi-kinase inhibitors and adopt extended conformations, starting from the solvent-accessible part to hinge and further stretching to the deep hydrophobic Ile1145 subpocket near the C-helix region [19] . Except for the above-mentioned well-classified inhibitors, there are other atypical c-Met inhibitors, such as ARQ197 (3) , that are all classified as type III c-Met inhibitors [20] . Previously, we elaborated on the synthesis of a series of pyrazol [4,3-b] pyridine compounds and their potent and selective activities as c-Met inhibitors (lead compound 4) [21] . During the optimization process, we synthesized an interesting compound (5) containing two possible hinge binders, an imidazole ring and an imidazo[1,2-a]pyridine ring, which could form an essential hydrogen bonding interaction with the backbone of Met1160. Considering its interesting binding mode and good enzymatic activity, we initialized a medicinal chemistry modification with the aim of finding a novel series of c-Met inhibitors for the further development of anti-cancer drugs. 
Materials and methods

Chemistry
Scheme 2
Reagents and conditions: (a) phosphorus oxychloride, reflux, 24 h, 51%; (b) 1H-pyrrolo[3,2-c]pyridine, NaH, DMF, room temperature, 4 h, 60%; (c) R-boronic acid or R-boronic acid pinacol ester, PdCl 2 (dppf)-CH 2 Cl 2, K 2 CO 3, 90 °C, 30 min, 31%-81%.
Compounds 20-31 were synthesized according to the procedures outlined in Scheme 2. Compound 33 was treated with phosphorus oxychloride to afford compound 36. Compound 37 was prepared by deprotonating 5-azaindole, which was followed by the addition of compound 36. A variety of aryl groups were introduced at the 6-position of compound 37 via Suzuki coupling reactions to provide compounds 20-31. 1 H NMR (400 MHz) spectra were recorded using a Varian Mercury-400 High Performance Digital FT-NMR spectrometer using tetramethylsilane (TMS) as an internal standard. Abbreviations for peak patterns in the NMR spectra are as follows: br=broad, s=singlet, d=doublet, and m=multiplet. Low-resolution mass spectra were obtained with a Finnigan LCQ Deca XP mass spectrometer using a CAPCELL PAK C18 (50 mm×2.0 mm, 5 ZM) or an Agilent ZORBAX Eclipse XDB C18 (50 mm×2.1 m, 5 ZM) column in positive or negative electrospray mode. The purities of all the compounds were determined by analytical Gilson high-performance liquid chromatography (HPLC) using an YMC ODS3 column (50 mm×4.6 mm, 5 ZM) using the following conditions: CH 3 CN/H 2 O eluent at 2.5 mL/min flow [containing 0.1% trifluoroacetic acid (TFA)] at 35 °C, 8 min, gradient 5% CH 3 CN to 95% CH 3 CN, monitored by UV absorption at 214 nm and 254 nm. TLC analyses were carried out using glass precoated silica gel GF254 plates. The 6-(4-fluorophenyl)imidazo[1,2-a]pyridine-3-sulfonyl chloride (35). Compound 34 (2.98 g, 10.2 mmol) was treated with phosphorus oxychloride (60 mL) and refluxed for 24 h. The reaction mixture was cooled to room temperature and treated with DCM (100 mL), poured over ice-cold water (100 mL), and then extracted with DCM (4×50 mL). The organic layers were combined, dried (Na 2 SO 4 ), filtered, and concentrated to dryness under vacuum to give crude 35. The crude product was purified by flash chromatography to give purified compound 35 (1.6 g, 51% 3-((1H-pyrrolo[3,2-c]pyridin-1-yl)sulfonyl)-6-bro moi midazo [1,2-a]pyridine (37). NaH (0.88 g, 22 mmol) was suspended in 10 mL of anhydrous DMF and cooled to 0 °C in an ice bath. 1H-pyrrolo[3,2-c]pyridine (1.3 g, 11 mmol) dissolved in 10 mL of anhydrous DMF was slowly added dropwise, and the mixture was stirred for 30 min at 0 °C. Compound 36 (3.9 g, 13.2 mmol) dissolved in 15 mL of anhydrous DMF was added in dropwise, and the reaction mixture was stirred for 4 h at room temperature. The reaction was monitored by TLC. The reaction solution was poured into 0.1 mol/L hydrochloric acid, which was then turned basic using an aqueous sodium bicarbonate solution and extracted with ethyl acetate. The organic layer was collected and distilled under reduced pressure. The remaining substance was purified by column chromatography to give purified compound 37 (2.5 g, 60% 
Molecular docking
The X-ray complex structure of an azaindole compound bound to c-Met (PDB entry: 2WD1 [22] ) was downloaded from the PDB database. The Schrödinger software package was used for the modeling studies. First, the structure was subjected to Protein Preparation Wizard to add the hydrogen atoms and refine the structure to eliminate the improper interactions. Then, the Glide program was used to generate the grid file. The receptor grid was defined as an enclosed box centered at the ligand in the ATP binding site. Docking was performed using the Glide software in standard precision (SP) mode with the default parameters [23] . Finally, the binding interactions were analyzed and illustrated with the Pymol program.
ELISA kinase assay
The effects of the compounds on the activities of various tyrosine kinases were determined using enzyme-linked immunosorbent assays (ELISAs) with purified recombinant proteins. were then added to each reaction well. DMSO (1%, v/v) was used as a negative control. The kinase reaction was initiated adding purified tyrosine kinase proteins diluted in 49 μL of kinase reaction buffer. After incubation for 60 min at 37 °C, the plate was washed three times with phosphatebuffered saline (PBS) containing 0.1% Tween 20 (T-PBS). Antiphosphotyrosine (PY99) antibody (100 μL; 1:500, diluted in 5 mg/mL BSA T-PBS) was then added. After a 30-min incubation at 37 °C, the plate was washed three times, and 100 μL of horseradish peroxidase-conjugated goat anti-mouse IgG (1:2000, diluted in 5 mg/mL BSA T-PBS) was added. The plate was then incubated at 37°C for an additional 30 min and washed 3 times. A 100-μL aliquot of a solution containing 0.03% H 2 O 2 and 2 mg/mL o-phenylenediamine in 0.1 mol/L citrate buffer (pH 5.5) was added. The reaction was terminated by adding 50 μL of 2 mol/L H 2 SO 4 ; as the color changed, the plate was analyzed using a multi-well spectrophotometer (SpectraMAX 190, from Molecular Devices, Palo Alto, CA, USA) at 490 nm. The inhibition rate (%) was calculated using the following equation: [1-(A 490 /A 490 control )]×100. The IC 50 values were calculated from the inhibition curves in two separate experiments.
Cell culture EBC-1, MKN-45, and MKN-1 cells were purchased from Japanese Research Resources Bank (Tokyo, Japan). NCI-H661, A549, KATOIII and DU145 cells were purchased from the American Type Culture Collection (Manassas, VA, USA). NCI-H358, BGC-823, MGC-803 and NCI-H460 were obtained from the Typical Culture Preservation Commission Cell Bank at the Chinese Academy of Sciences. NCI-H3122 was obtained from the National Cancer Institute. MDCK cells were a kind gift from Dr H Eric XU at the Shanghai Institute of Materia Medica. The cells were routinely maintained according to the recommendations of their suppliers [24] .
Cell proliferation assay Cells were seeded in 96-well tissue culture plates. On the next day, the cells were exposed to various concentrations of compounds and further cultured for 72 h. Cell proliferation was then determined using sulforhodamine B (SRB, from SigmaAldrich, St Louis, MO, USA) or a Cell Counting Kit (CCK-8) assay. The IC 50 values were calculated by fitting concentration-response curves using a SoftMax pro-based four-parameter method.
Western blot analysis EBC-1 cells were treated with the indicated dose of compound 31 for 2 h at 37 °C and then lysed in 1×SDS sample buffer. The cell lysates were subsequently resolved by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were probed with the appropriate primary antibodies (ie, [c-Met (Santa Cruz, CA, USA), phospho-c-Met, phospho-ERK, ERK, phospho-AKT, AKT (all from Cell Signaling Technology, Beverly, MA, USA), and GAPDH (KangChen Biotech, Shanghai, China)) and then with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG [25] . The immunoreactive proteins were detected using an enhanced chemiluminescence detection reagent (Thermo Fisher Scientific, Rockford, IL, USA).
Scattering assay MDCK cells (1.5×10
3 cells per well) were plated in 96-well plates and grown overnight. Increasing concentrations of Compound 31 and HGF (50 ng/mL) were added to the appropri ate wells, and the plates were incubated at 37 °C and 5% CO 2 for 24 h. The cells were fixed with 4% paraformaldehyde for 15 min at room temperature and then stained with 0.2% crystal violet. The assay was performed in triplicate. Images were obtained using an Olympus IX51 microscope.
Results and Discussion
To identify the binding mode of compound 5, we utilized the Glide program to perform a docking study on 5 in the ATP binding site of c-Met. The crystal structure of 2WD1 was selected as a template, and the protein structure was first refined for glide grid generation. Then, the minimized compound 5 was docked into the binding site. As shown in Figure  2A , the binding conformation of 5 indicated that the hinge www.nature.com/aps Liu TC et al Acta Pharmacologica Sinica npg binder was an imidazole group and that the 4-fluoro-benzene group was situated below the side chain of residue Tyr1230 to form a π-π stacking interaction. To verify whether the imidazole unit was the hinge binder, we synthesized 7 compounds by replacing imidazole with different substituted aromatic 5-member rings. As shown in Table 1 , when the N atom at the 3-position was removed or changed to the 2-position (6 and 7), the activities dramatically decreased, which informed us that it may be advantageous to have an H-bond receptor at the 3-position to interact with the essential hinge part of the binding site. To test our hypothesis, some H-bond receptors such as a nitryl group or an aldehyde group were installed. The results demonstrated that compounds with substitutions at the 3-position exhibited significantly better activities than those with substitutions at the 2-position (comparing 8 to 9 and 10 to 11, respectively). However, compound 12, which had an ethanone structure at the 3-position, did not show good inhibitory activity, indicating that the methyl group caused steric hindrance when the compound approached the carbonyl group of the binding site (comparing compounds 10 and 12).
From Table 1 , we found H-bond receptors at the 3-position of the imidazole ring improved activities. Therefore, diversified bicycle-aromatic rings containing the H-bond acceptor N atom were introduced, and the synthesized compounds were tested in enzymatic assays (Table 2 ). Compounds 13, 14 and 15 had similar enzyme inhibitory activities against c-Met. When the pyridine ring was replaced by a phenyl ring (16) , the compounds lost their activities, reinforcing the finding that pyridine plays an important role in protein-ligand interactions. When a halogen atom was introduced on the carbon adjacent to the N atom (17, 18 and 19) , the activities also decreased dramatically, suggesting that the halogen atoms could interfere with nearby residues in the hinge part of the binding site.
The nearly identical activities of 13 and 14 puzzled us regarding their binding conformations because the position of the important nitrogen atoms were different in the pyrrolopyridine rings, which were thought to be essential in H-bond interactions. From the interaction pattern found in the crystal structure 2WD1, compound 13 would bind to the ATP site by forming a hydrogen bond with the backbone of residue Met1160. However, compound 14 had a shifted nitrogen atom, which could not fulfill the requirement of interacting with the hinge part of the protein. Thus, we performed a docking study with the aim of predicting the interaction mode Figure 2B , the binding mode of compound 14 was dramatically different from that of compound 13 because the structure was reversed and a hydrogen bond between the imidazo[1,2-a]pyridine ring and residue Met1160 was observed. This surprising binding conformation triggered us to pursue further optimizations based on this novel scaffold.
As demonstrated by the prediction of the binding conforma- (Table 5 ). In contrast, compound 31 showed over 500-fold less potency in cells with low c-Met expression or activation (Table 5 ). These data indicate that Compound 31 specifically inhibits c-Met-dependent cancer cell growth.
Compound 31 inhibits c-Met-dependent cell scattering Activated HGF/c-Met signaling is also known to promote cell scattering that stimulates cells to abandon their origi nal environment, a hallmark of cancer invasiveness and metastasis [28] . It has been well documented that MDCK cells, which normally grow in clusters, are disruptive and scatter cell colo- with heterocycles; in particular, compound 31 exhibited strong inhibition on both molecular and cellular levels.
Compound 31 is a potent and selective inhibitor of c-Met
In an enzymatic screen designed to identify c-Met inhibitors, compound 31 was distinguished for its potency against recombinant human c-Met kinase and exhibited an average IC 50 value of 12.8 nmol/L (Table 3) . Accordingly, we were prompted to investigate whether this potency was specifically against c-Met. Thus, the activity of Compound 31 was evaluated against a panel of kinases (Table 4) . In contrast to its high potency against c-Met, Compound 31 barely inhibited the kinase activity of other tested tyrosine kinases, including c-Met family member Ron and highly homologous kinases Axl, Tyro3, c-Mer (IC 50 >1 μmol/L), indicating that compound 31 is a selective c-Met inhibitor.
Compound 31 inhibits c-Met phosphorylation and its downstream signaling pathways To further assess the cellular activity of Compound 31 against c-Met kinase, we measured its effects on the phosphorylation of c-Met and downstream signaling molecules in EBC-1 cells that harbor an amplified MET gene. As shown in Figure 3 , Compound 31 significantly inhibited the phosphorylation of c-Met with a complete abolishment at 40 nmol/L in EBC-1 cells, including the phosphorylation of Akt and ERK, which are key downstream molecules of c-Met [26] . These results suggested that Compound 31 exhibits effective inhibition of c-Met activation and its signaling. Figure 4 , treatment with compound 31 reduced the HGF-induced cell scat tering of MDCK cells in a dose-dependent manner, completely blocking the spreading of cells at a dose of 500 nmol/L.
Discussion
Based on the previously identified lead compound 4, we synthesized an interesting compound 5 during the development of c-Met inhibitors. According to the docking prediction, we proposed that the imidazole of compound 5 would form a hydrogen bonding interaction with the hinge part of the ATP binding site of c-Met. The structure-activity relationships of synthesized compounds 6-12 were consistent with this hypothesis. Further optimization resulted in a novel compound, 14, which contained a pyrrolo[3,2-c]pyridine scaffold. A docking study of this compound suggested that it could interact with c-Met in a reversed conformation by using the imidazo[1,2-a]pyridine as a hinge binder. Following this finding, further optimization resulted in the synthesis of compound 31, the most potent compound, which exhibited potent enzymatic inhibition activity with an IC 50 of 12.8 nmol/L. Compound 31 effectively inhibited overactivated c-Met signaling in EBC-1 cancer cells. In turn, compound 31 suppressed c-Met-dependent cell proliferation and cell scattering. This discovery will benefit other researchers and enable the development of a novel series of c-Met inhibitors as anti-cancer drugs.
An interesting feature of Compound 31 was its selectivity against c-Met. Compound 31 presented IC 50 values for c-Met in the nano molar range in a kinase assay and showed more than a 78-fold selectivity over a panel of 16 human kinases, including c-Met family member Ron and highly homologous kinases, such as Axl, Tyro3 and Mer. Consistently, the antiproliferative activity of compound 31 was more than 500-fold potent for c-Met-addicted cells in contrast to a panel of tumor cell lines with low c-Met expression and activation levels. In fact, most c-Met inhibitors currently undergoing clinical trials are multi-target inhibitors, which may result in unwanted offtarget toxicity [29] . Specific c-Met inhibitors could largely avoid toxicity arising from the targeting of extra molecules and thus provide a better option for the sub-population of c-Met-driven cancers in the new era of precision medicine. The high specificity and potency of compound 31 give it the potential to act as a tool inhibitor in preclinical use and allows it to be a promising novel drug candidate for further development.
